Direct evidence of angle-selective transmission of Dirac electrons in graphene p-n 

junctions 
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The relativistic nature of the charge carriers in graphene is manifested in the angle-dependent 
transmission across p-n junctions, where Klein tunneling involves annihilation of an electron and a 
hole at the p-n junction interface. The transmission probability is equal to unity and independent 
of the barrier height for normal incidence, and it oscillates as a function of barrier height for other 
incident angles. Here we demonstrate the angle dependence of the resistance fluctuations of ballistic 
dual-gated graphene devices with straight and angled arms, in which the barrier height is controlled 
by a shared gate electrode. We find large fluctuations in the resistance as a function of gate voltage 
in the case of Klein tunneling at a 45" angle, as compared to normal incidence. Using a balancing 
measurement technique, we isolate the angle dependence of the resistance fluctuations from other 
angle insensitive gate-dependent and device-dependent effects. Our results provide a direct evidence 
of the angle-selective transmission of charge carriers in graphene p-n junctions, which is the key 
element behind focusing of electrons and the realization of a Veselago lens in graphene. 



Charge carriers in graphene behave hke massless, rel- 
ativistic particles [IHl], characterized by chiraUty which 
arises from the existence of two interpenetrating sublat- 
tices in the hexagonal crystal structure of graphene. Due 
to the chiral nature of the charge carriers, back scattering 
by impurities is forbidden O |6j , giving rise to unusual ef- 
fects in graphene p-n junctions such as Klein tunneling, 
electron lensing and collimation [7Hl7j. As a result of 
the charge conjugation-like symmetry between electrons 
and holes, Klein tunneling in graphene involves an an- 
nihilation of an electron and a hole at the p-n junction 
interface |10j . For a ballistic p-n junction, the transmis- 
sion probability is equal to unity for normally incident 
charge carriers (incident angle </> = 0°, with respect to 
the junction normal). Away from the normal incidence 
(^ f^ 0) , the transmission probability oscillates as a func- 
tion of the incident angle for a fixed barrier height [10] . 
For a fixed incident angle, other than normal incidence, 
the transmission probability also oscillates with varying 
barrier height. 

Signatures of Klein tunneling in graphene have been 
found in the asymmetry in the resistance with respect to 
the gate voltage (THUTlj, conductance oscillations HOI HI] j 
resistance measurements [52], and electron guiding [53]. 
Asymmetry in the resistance-gate voltage characteristics 
has been attributed to the difference between the Klein 
tunneling and over-barrier transmission |24j . Resistance 
of a p-n junction also depends on the smoothness of the 
junction in the ballistic limit and on the screening ef- 
fects [23 [2S]. In the ballistic regime, conductance os- 
cillations as a function of gate voltage have been in- 
terpreted as interference between forward and backward 
scattered wavefunctions between the two p-n interfaces 
[llj . However, the experiments are typically done in the 
two-terminal geometry [T51 - B51 [57] . in which case the con- 
tact effects are unavoidable [HJ [55HST] and can be diffi- 
cult to take into account. 

Here we report a direct measurement of angle- 



dependent resistance fluctuations as a function of barrier 
height that arise due to Klein tunneling of charge carri- 
ers across p-n junctions in graphene. Using ballistic pn 
junction devices with straight and angled arms (shown 
in Fig. 1(a)) and a balancing measurement technique, 
we separate out the angle-dependent effects from other 
gate-dependent angle insensitive resistances. 

Graphene flakes were mechanically exfoliated from nat- 
ural flake graphite and deposited on a Si wafer coated 
with 300 nm Si02 [I] [5] . Single-layer flakes were iden- 
tified by optical microscope and confirmed by Raman 
spectroscopy. Electrical leads were patterned by stan- 
dard optical and e-beam lithography and the contacts 
were thermally evaporated (5nm Cr/ 75nm Au). Oxy- 
gen plasma (100 W for 45 sec) was used to pattern the 
graphene. To fabricate the top gate, 20 nm of AI2O3 
was deposited as the top gate insulating layer, followed 
by deposition of a 200 nm wide gold electrode on top. 
Scanning electron microscope (SEM) image of a typical 
device is shown in Fig. 1(a). 

Electrical measurements were carried out at 4.2 K 
by placing the samples in vacuum in a He3 cryostat. 
The bias current was kept sufficiently low to avoid heat- 
ing. Measurements were done in a four probe geometry 
with external voltage probes PP, using the SR 560 low 
noise preamplifier and PAR 124A analog lock-in ampli- 
fier equipped with an EG&G 116 preamplifier (operating 
in differential mode). 

The resistance as a function of the back gate voltage 
{Vbq) and the top gate voltage (V^g) is shown in Fig. 1(b) 
and 1(c) for a typical device, measured on the straight 
arm at 4.2 K. The shift of the Dirac point or the charge 
neutrality point (GNP) is evident from the data. With a 
suitable combination of Vbq and Vtq , all portions of the 
graphene device can be p or n type, or one can make a 
p-n*-p or an n-p*-n structure (where n* and p* denote 
the carrier type under the top gate). 

In order to isolate the angle-dependent transmission of 
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FIG. 2: (a) Measurement schematic used to study the angle- 
dependent resistance through the deviation from the balanced 
condition as a function of Vrg- In this schematic, the current 
branching in the arms 1-2 and 1-3 are balanced (using a vari- 
able resistor) in such a way that the voltage difference between 
A and B is zero when Vrg—O (arm 1-4 is not connected on 
this schematic). The deviation in resistance from the balanced 
condition, (Rbaiance), is then measured as a function of Vrg- 
(b) Resistance as a function of top gate voltage for device 
SLl. Nearly the same effect of Vtq on all three arms reflects 
the fact that all three arms share the same gated portion. 



FIG. 1: (a) False color SEM micrograph of a patterned single 
layer graphene device with straight and angled arms (blue). 
The straight arms are perpendicular to the top gate, and the 
angled arms form a 45'' angle with the top gate. The top gate 
(shown in orange) is placed at the point where the straight 
and angled arms meet. The gate dielectric is shown in green 
(20 nm of AI2O3), and the leads are yellow (5nm Cr/ 75nm 
An). The resistance of each arm is measured in a four-probe 
configuration using non-invasive leads [31]. The scale bar is 
1 /im long, (b) Normalized resistance as a function of the 
top gate voltage for three different values of back gate volt- 
age measured on the straight arm (device SLl). (c) Color 
plot of the resistance as a function of back gate and top gate 
voltage measured on the straight arm (device SL2). The shift 
of the charge neutrality point as a function of Vbq and Vrg 
is evident, clearly defining regimes in which the device forms 
an n-p*-n, n-n*-n, p-p*-p or a p-n*-p structure (n* and p* 
denote the carrier type under the top gate) 



charge carriers across a p-n junction, we used a balanc- 
ing measurement technique, as shown in Fig. 2(a). The 
graphene device has three arms (1-2, 1-3 and 1-4) which 
share a common top-gated portion, placed just before the 
branching point. The resistance as a function of Vrg for 
^Bg — 30 volts is shown in Fig. 2(b) for all three arms. 

In the measurements described below, we use two arms 
at the time, either one straight and one angled, or two 
angled arms (measurements on 1-2 and 1-3 are shown on 
the schematic in Fig. 2(a), but we have also measured 
1-2 and 1-4, and 1-3 and 1-4). The current branching 
between the two arms of the device is balanced (with the 
help of variable resistor) in such a way that, in the ab- 
sence of top gate voltage, the voltage difference between 
the two arms (2 and 3 shown in Fig. 2(a)), measured 



with respect to ground, is minimum (limited by the back- 
ground noise of few nanovolts) . Any change in the ratio 
of the current flow in the two arms will be measured as 
a deviation from this balanced condition. Since the two 
arms share the top-gated portion, they will also share 
any angle insensitive gate-dependent effects, which will 
not cause a deviation from the balanced condition. A de- 
viation from the balanced condition as a function of the 
voltage on the top gate can therefore separate the angle- 
dependent resistance from the effects of gate-dependent 
angle insensitive resistances [27]. 

For a particular back gate voltage, we first balance 
two of the arms (say 1-2 and 1-3) at zero top gate volt- 
age. Then, we study the deviation of the resistance from 
the balanced condition as a function of top gate voltage. 
The change in the resistance from the balanced condition 
{{Rbaiance) ) as & fuuctiou of Vrg IS shown in Fig. 3(a) 
(the balancing was done at Vsg = -28 volts and Vrg =0) . 
It is apparent that the amplitude of the fluctuations in 
(Rbaiance) IS Smaller for negative values of Vxg- Similarly, 
if we balance the bridge at Vsg = 25 volts and Vrg =0, 
larger fluctuations in (Rbaiance) are observed below Vrg 
= -2 volts (see Fig. 3(b)). The derivative of Rbaiance as a 
function of Vrg (dRbaUmce I dVr g) is shown in Fig. 3(c) as 
a function of V^g, along with the corresponding change 
in resistance. It is clear that the fluctuations are signif- 
icantly larger in the p-n*-p side than in the p-p*-p side. 
Similarly, larger fluctuations are observed in the n-p*-n 
side compared to the n-n*-n side of the top gate voltage 
(Fig. 3(d)). 

To get a more quantitative measure of the fluctuations, 
we divided the data points into small bins and calculated 
the standard deviation of dRhaiance/VTg as a function of 
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FIG. 3: Rbaiance 8tS a functioii of Vrg for (a) Vs5=-28 volts 
and (b) VBg=25 volts. Rbaiance IS measured by balancing 
arms 1-2 and 1-3, as shown in the schematic in Fig. 2(a). 
Corresponding derivatives of Rbaiance with respect to Vrg is 
shown in (c) for VBg=-'28 volts and (d) for Vsg=25 volts (left 
axis). The corresponding change in resistance is shown in red 
(right axis). It is evident that the amplitude of the fluctua- 
tions in Rbaiance is larger in the p-n*-p and n-p*-n regimes 
than in the p-p*-p and n-n*-n regimes. 
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FIG. 4: (a) Standard deviation of dRbaiance/dVrg as a func- 



tion of Vrg for (a) Vsg 



28 volts and (b) Vsg = 25 vohs. 



The standard deviation of dRbaiance/dVTg increases up to four 
times as the variation of Vrg takes the device from the p-p*-p 
to p-n*-p or from n-n*-n to n-p*-n regime. 



Vrg- Fig. 4(a) and (b) show the standard deviation (SD) 
calculated with twenty five data points per bin and aver- 
aged over four data points. It is evident that the standard 
deviation of the fluctuations increases significantly as we 
cross from p-p*-p to p-n*-p or from n-n*-n to n-p*-n re- 
gion. It is interesting to note that the standard deviation 
of the fluctuations is larger on the p-n*-p side than on 
the n-p*-n side. 

The mean free path (Imfp) is estimated to be around 
~ 220 nm, and the width of the top gate is 200 nm. This 
means that the electrons can travel ballistically through 
each pn junction and the entire region under the top gate. 
Ballistic transport across a graphene p-n junction is ex- 
pected to result in perfect transmission (no reflection) 
for normal incidence [SHTUl [H] . Other than normal inci- 
dence, we expect the transmission probability to oscillate 





FIG. 5: (a) Transmission probability as a function of barrier 
height (with respect to the incident electron energy), calcu- 
lated using the expression in the main text for incident an- 



gles 



(red) and (j) = 45 (blue). For normal incidence 



{4> = ), perfect transmission is observed for all values of the 
barrier height, while the transmission probability oscillates as 
a function of barrier height for tj) = 45°. (b) Standard devi- 
ation of the transmission probability as a function of barrier 
height after balancing arms (/; = 0° and = 45". 



as a function of angle of incidence. For a particular angle 
(other than normal incidence) the transmission proba- 
bility will also oscillate as a function of barrier strength 

m- 

Our p-n*-p (or n-p*-n) devices include two p-n inter- 
faces - one on either edge of the top gate. For a ballistic 
p-n junction, where the mean free path is larger than the 
p-n junction width, the transmission of Dirac electrons is 
perfect for normal incidence and is partially suppressed 
for other angles [S]. Under the application of bias, the 
first p-n junction preferentially transmits more carriers 
that are nearly normally incident to the barrier. These 
carriers arrive to the second p-n junction, which again 
selects more of the normally incident ones. As all the 
arms have the same width, and the branching point is 
less than Imfp away from the top-gated portion, a large 
portion of the electrons coming from arm 1, that emerged 
in the direction normal to the pn junction, will go straight 
into arm 2. The current carried by the normally incident 
electrons along the arm 1-2 should be unaffected by the 
changing barrier height (controlled by Vtq)- The arm 3 
(or 4) is placed at an angle with respect to the top gate 
{(j> = 45*^), so it will preferentially collect electrons that 
emerged at the angles close to (j> = 45". As the trans- 
mission probability oscillates as a function of the barrier 
height for any incident angles other than normal, the cur- 
rent flowing through angled arm 1-3 (or 1-4) is expected 
to oscillate as a function of Vrg- 

We note that it is not necessary for the entire device 
to be ballistic in order to observe the angle dependence 
of the resistance. As long as as the difference in the cur- 
rent distribution due to ballistic effects in a small portion 
of the straight and angled arms is large enough, it will 
manifest as the deviation in the resistance from the bal- 
anced condition with changing top gate voltage. We also 
note that any gate-dependent angle insensitive series re- 
sistances will equally affect all arms and will not cause 
a deviation from the balanced condition. Since all the 



arms share the same top-gated portion, there will be no 
differences in the pn-junction length and roughness, as 
well as other effects that might become important when 
comparing different physical devices. 

Since the transmission probability does not depend on 
the barrier height (controlled by Vrg) for normal inci- 
dence, and it oscillates as a function of barrier height for 
other incident angles, we interpret the large fluctuation 
amplitude in Rbaiance in the p-n*-p (or n-p*-n) regime as 
due to the barrier height-dependent transmission proba- 
bility of charge carriers at angles close to cj) — 45" . 

The transmission probability (T) for an electron across 
a graphene p-n junction as a function of incident angle 
{4>) can be expressed in the following way [lO] : 
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FIG. 6: (a) dRbaiance / d-Vr g as a function of Vxg measured by 
balancing arms 1-3 and 1-4 (see Fig. 2(a)), both of which are 
placed at a 45" angle with respect to the the top gate. The 
amplitude of the fluctuations remains nearly the same for ah 
values of Vrg- Corresponding standard deviation is shown in 
(b). 
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sgn{E), s' = sgn(E — Vq). We have taken the barrier 
width, d = 200 nm. 

For normally incident electrons ((/) = 0), this equation 
gives T = 1 and the transmission probability oscillates 
for any other incident angle. For a particular angle other 
than zero, the value of T oscillates with increasing energy 
of the potential barrier (Vq)- In Fig- 5(a) we show the 
variation of T as a function of Vq for = and 4> = 45° 
. It is evident that T = 1 for (/) = and it is independent 
of the barrier height. However, for (j> = 45" no trans- 
mission is observed for small values of the barrier height 
and T oscillates as function of Vq. For a device shown in 
Fig. 1(a) and the measurement schematic in Fig. 2(a), 
the deviation in the resistance from the balanced con- 
dition between arms 1-2 and 1-3 (or 1-4) is Rbaiance = 
R,j,=o'> — R,t>=i5° ■ Since each resistance is proportional to 
the transmission probability at the corresponding angle, 
we have Rbaiance « T(0 = 45°) - T(</) = 0°). As the 
T{(j> = O") is independent of Vq, the variation of Rbaiance 
as a function of Vq will be determined by the T{ip — 45") 
alone. In order to compare the data to the theory , we 
calculated the standard deviation of T{(j> — 45") as a 
function of Vq by taking the average over bin size of 100 
data points (step of Vq/E is 0.00125), shown in Fig. 5(b). 
It is clearly seen that the standard deviation remains zero 
initially, then it increases sharply and remains at a high 
value for Vq/E > 2. This is qualitatively in good agree- 
ment with the experimental data shown in Fig. 4(a). 

In Fig. 3(a)-(d) we found that from the balanced con- 
dition, the resistance does not show much variation as a 



function of Vtq in the p-p*-p or n-n*-n type device con- 
figuration. This rules out the possibility of any direction- 
insensitive cause of the fluctuations. 

The conductance fluctuations in the p-p*-p or n-n*-n 
side as a function of Vtq arise due to the quantum in- 
terference of backscattered quasiparticle wavefunctions, 
which changes due to the change in the chemical poten- 
tial under the top gate with varying Vrg- In the p-n*- 
p or n-p*-n side, the increase of the fluctuations from 
this "base line" is due to the contribution from the angle 
dependence of resistance. It is interesting to note that 
the amplitude of "base line" is larger in the p-p*-p com- 
pared to the n-n*-n side (see Fig. 3(c), (d) and Fig. 4(a) 
and(b)), its origin is not clear yet, but the percentage of 
the variation is the same in both cases (nearly four-fold 
increase in standard deviation is observed as a function of 
Vrg in both Fig. 4(a) and (b)). Multiple reflections un- 
der the top-gated portion would contribute to the "base 
line" fluctuation, but would not result in a deviation from 
the balanced condition, as they would affect both arms 
equally. 

To show that this excess fluctuation in the Rbaiance 
is entirely due to the contributions from the angle- 
dependent part of the resistance, we have also measured 
the variation of resistance by balancing the arms 1-3 and 
1-4. We found that the variation in the Rbaiance remains 
nearly constant throughout the whole range of back gate 
and top gate voltage (see Fig. 6(a) and (b)). As both 
arms 3 and 4 are placed at 45" angle, Vrg has nearly 
the same effect on the current distribution in these two 
arms, resulting in the same deviation of Rbaiance for any 
combination of back gate and top gate voltage. This 
clearly supports the claim that the increased fluctuations 
observed in Fig. 3(a)-(d) are due to the angle-selective 
transmission of charge carriers. 
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